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Edited by Felix WielandAbstract In a gradient of chemoattractant, Dictyostelium cells
are orientated with their front directed toward the source and
their tail pointing into the opposite direction. The front region
is speciﬁed by the polymerization of actin and the tail by the
recruitment of ﬁlamentous myosin-II. We have dissected these
front and tail responses by exposing cells to an upshift of cyclic
AMP. A sharp rise and fall of polymerized actin within 10 s is
accompanied by the recruitment of proteins involved in turning
actin polymerization on or oﬀ. The cortical accumulation of
myosin-II starts when the front response has declined, supporting
the concept of divergent signal transmission and adaptation path-
ways.
 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Dictyostelium1. Introduction
In the chemotactic response of eukaryotic cells like neutro-
phils, ﬁbroblasts and Dictyostelium cells, a gradient of attrac-
tant is converted into a polar pattern of activities in the
cortical region of the cells (for review see [1–3]). In rapidly
responding cells of Dictyostelium, a front is protruded within
seconds toward the source of attractant, and the tail of the cell
is retracted. Therefore, a cell that moves in a gradient of attrac-
tant is bipartitioned into two regions with opposite functions.
Front and tail can be easily distinguished by molecular mark-
ers: actin is polymerizing at the front, while myosin-II is
recruited to the tail where it causes retraction [4].
The question addressed here is how to separate responses
typical of a front from those characteristic of a tail. We show
that these responses can be separated from each other by
exposing cells in a ﬂow chamber to rapidly increasing concen-
trations of the chemoattractant cyclic AMP (cAMP). Under
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doi:10.1016/j.febslet.2006.11.031are negligible. In consequence, the cells do not become polar-
ized during the period of recording. As a readout, we recorded
the translocation of actin-binding proteins from the cytoplasm
to the cell cortex. Dual wave-length ﬂuorescence imaging made
it possible to record in single cells the translocation of GFP-la-
beled proteins relative to an mRFP-tagged marker of ﬁlamen-
tous actin [5], which is co-expressed in each cell as an internal
reference.
In order to analyze the positive and negative controls of
actin polymerization, we have determined the cAMP-induced
recruitment of four proteins to the cell cortex, two of them
implicated in the promotion of actin polymerization, the other
two in either inhibiting polymerization or stimulating depoly-
merization. Arp3 is a member of the Arp2/3 complex essential
for the nucleation of dendritic ﬁlament structures [6,7]; the
motor protein myosin-IB (MyoB) interacts through the adaptor
protein CARMIL with the Arp2/3 complex [8]; coronin has
been shown in various cell types to inhibit Arp2/3 activity
[9–11, reviewed in 12]; and the actin-interacting protein 1
(Aip1) cooperates with coﬁlin in the depolymerization of actin
[13–15].
While the polymerization of actin and the recruitment of
proteins typical of a front is sharply up and down regulated
within the ﬁrst 10 s of stimulation, the accumulation of myo-
sin-II in the cell cortex starts later and reaches a peak at about
25 s. We conclude that the regulation of chemotactic signal
transduction involves multiple adaptation pathways, in partic-
ular temporally separated shut-down mechanisms for front
and tail responses.2. Materials and methods
2.1. Dictyostelium strains and culture
Cell lines derived from Dictyostelium discoideum strain AX-214
coexpressed the mRFP-tagged LimED construct [5] and either GFP-
tagged actin [16], Arp3 [17], myosin-IB, a gift from Margaret Titus,
coronin [18], Aip1 [19], or myosin II [20]. Cells were cultivated in nutri-
ent medium with maltose at 23 ± 2 C in petri dishes and harvested be-
fore conﬂuency. To induce responsiveness to cAMP, the cells were
washed three times with 17 mM K+/Na+-phosphate buﬀer, pH 6.0,
and starved for 6 h.
2.2. Stimulation with cAMP
Cells were stimulated only once with cAMP (Sigma-Aldrich, St.
Louis, MO, USA) applied at a concentration of 1 · 107 M to a ﬂow
chamber through hydrostatic pressure from a mixing reservoir.
For quantitative data acquisition, IBIDI l-slides VI (Integrated
BioDiagnostics, D-80799 Mu¨nchen, Germany) were used. Cells wereation of European Biochemical Societies.
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Fig. 1. Temporal signal-to-response relationship. (A) Alexa680 was
mixed as a reference with 1 · 107 M cAMP to monitor the increase of
the chemoattractant with time (blue). The response is deﬁned by the
ratio of ﬂuorescence intensities in the cortex and the interior of the
cells. The time of maximal LimED accumulation in the cell cortex is set
to zero and used as an internal reference. The response is averaged
from 9 cells in (A), from 12 cells in (B), and from 20 cells in (C). (B)
Cortical accumulation of actin relative to LimED. (C) Redistribution
of the PH-domain of CRAC (green) relative to mRFP-LimED (red).
Vertical bars indicate 95% conﬁdence limits in A and standard errors
of the mean in B and C (as in the following ﬁgures). The dotted line at
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6.0, for at least 200 s before the stimulus was applied. According to the
producer, this ﬂow corresponds to a velocity of 22 mm/s in the cham-
ber, resulting in a shear stress of 0.35 Pa. For qualitative evaluation of
responses (Fig. 4), 1 ml of 1 · 107 M cAMP was dropped into an IBI-
DI l-slide I.
To determine the onset of stimulation, cAMP was mixed with
Alexa680 (Molecular Probes, Eugene, OR, USA) as a ﬂuorescent mar-
ker [21]. Fluid was pumped out the ﬂow chamber using a PHD2000
syringe-pump (Harvard-Apparatus, Holliston, MA, USA) at the same
rate of 2 ml/min as used for gravity ﬂow. A mixture of 50 lg/ml of the
dye and 1 · 107 cAMP was added to a strongly stirred reservoir to
stimulate the cells. Alexa680 has a Mr of 1150, about 3-fold the Mr
of cAMP (Mr 329). To rule out a separation between dye and cAMP
due to diﬀerential diﬀusion, a control was made with a mixture of
50 lg/ml Alexa680 and 5 lg/ml ﬂuorescein (sodium salt), a dye with
Mr 376. At the given ﬂow rate, length and diameter of the tubing
(300 mm, 1 mm), no separation between the dyes was detectable.
2.3. Confocal microscopy
For quantitative ﬂuorescence recordings, confocal scans were ob-
tained at intervals of 1.1 s or less using a Zeiss LSM 510 Meta
equipped with a 63/1.4 Oil DIC Plan-Apochromat objective, and stan-
dard dichroics and emission ﬁlters. GFP, mRFP, and Alexa680 were
excited using 488, 543, and 633 nm laser lines, respectively. Alexa680
was recorded in the same plane of focus as the intracellular recruitment
of LimED to the cell cortex. The images of Fig. 4 were acquired on a
Zeiss LSM 410 equipped with a 100/1.3 oil Plan-Neoﬂuar objective at a
rate of 1.14 s per scan.
2.4. Image processing
Single cells were tracked and ﬂuorescence intensities in the cortex and
interior of the cells were calculated using the QuimP package [22] for
the ImageJ software (http://rsb.info.nih.gov/ij). QuimP uses an iterative
active contour algorithm to automatically outline the cell perimeter.
The cell outline, the ‘‘outer chain’’, is shrunk by a certain number of
pixels and yields the ‘‘inner chain’’, which separates the cell cortex from
the interior. Hundred equidistant lines are created which connect the
inner and outer chain. The maximum intensity along each line is deter-
mined and the average of all 100 maxima deﬁned as the ‘‘cortical
intensity’’. The averaged grey values enclosed by the inner chain deﬁne
the ﬂuorescence intensity of the cell interior. As a measure for cAMP-
induced responses, we calculated the ratio of ﬂuorescence intensities in
the cortex and interior of the cells. Thus, variations in expression levels
or illumination, and also changes caused by bleaching, cancel out.
In ﬂow experiments, the onset of eﬀective stimulation was deﬁned as
the time at which Alexa680 exceeded 1% of its ﬁnal concentration,
which corresponds to 1 · 109 M cAMP at the site of the recorded
cells. The onset of a response was considered as signiﬁcant when the
ratio of ﬂuorescence intensities in the cortex over the interior of the
cells exceeded the 95% conﬁdence limit of the average ratio in unstim-
ulated cells. For comparing time courses of GFP and mRFP signal
changes in double-labeled cells, only cells that showed a clear peak
in both the red and green channels were included into the analysis.
For each cell the time point of the mRFP-LimED peak was set to
zero.the left indicates the 95% conﬁdence limit for unstimulated cells as used
for calculating the beginning of a signiﬁcant response, which is
indicated by an arrow at the bottom.3. Results
3.1. Temporal stimulus–response relationships
For the stimulation of cells adhering to the O2-permeable
membrane of a ﬂow chamber, 1 · 107 M cAMP was added
to a continuous ﬂow of buﬀer, while the cells were imaged
by confocal scanning microscopy. A continuous ﬂow was ap-
plied in order to prevent any change in shear forces that might
aﬀect the cells [23]. Fig. 1A relates the response to the increase
of cAMP in the ﬂuid next to the cells. This increase was mon-
itored by mixing the stimulant with the ﬂuorescent dye
Alexa680 [21], choosing as a starting point of stimulation the
time at which cAMP exceeded 1 · 109 M. The response wasquantiﬁed by recording translocation to the cell cortex of a
marker for ﬁlamentous actin structures, an mRFP-tagged
construct lacking the coiled-coil domain of the LimE protein
of D. discoideum [24,25], here called LimED. The translocation
was expressed as the ratio of ﬂuorescence intensities in the
cortex over the interior of a cell.
An average delay of 2.5 s was observed between the begin-
ning of stimulation and the onset of the response, and a delay
of 3.8 s between stimulation and the response peak (Table 1).
After peaking, the response sharply declined even though the
cAMP concentration remained constant.
Fig. 2. Temporal separation of actin and myosin-II recruitment to the
cell cortex. Cells were stimulated as in Fig. 1, and the cortical
accumulation of GFP-myosin-II (green) was compared to the mRFP-
LimED reference (red) in each single cell.
Table 1
Cortical accumulation of proteins in response to cAMP as a function
of time
Seconds after the onset
of stimulation
Number of cells (n)
First response
detectable
2.48 ± 0.53 6
Peak of
mRFP-LimED
3.82 ± 0.64 6
Peak in seconds after
the mRFP-LimED peak
Actin 0.44 ± 0.29 20
PH-CRAC 4.33 ± 0.57 12
Myosin-IB 1.61 ± 0.16 22
Arp3 3.30 ± 0.63 10
Aip1 2.15 ± 0.16 16
Coronin 3.11 ± 0.22 28
Myosin-II 24.72 ± 0.97 23
Mean values over n cells ± S.E.M. are given.
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crease in the cortical localization of GFP-actin, conﬁrming
that cAMP causes a net redistribution of actin from the cyto-
plasm to the cell cortex. This redistribution is transient and de-
clines within 10 s. (A shoulder in the falling branch of the
GFP-actin curve might indicate a slight delay in the disappear-
ance of actin from the cortex as compared to loss of the
mRFP-LimED label.)
3.2. ‘‘Front’’ and ‘‘tail’’ responses are separated in time
To separate responses that are characteristic of the front or
the tail of a chemotaxing cell, we have used double-labeled
cells expressing appropriate GFP-tagged proteins together
with mRFP-LimED as a red ﬂuorescent reference. The PH-do-
main of the cytoplasmic activator of adenylate cyclase
(CRAC) is an established indicator of the cAMP-stimulated
formation of PI(3,4,5)P3 at the front of a cell [21,26]. As shown
in Fig. 1C, this PH-domain begins to accumulate in the cell
cortex as rapidly as LimED, reaches a peak about 4.3 s later
than the LimED reference and declines more slowly. It seems
unlikely, therefore, that the sharp decline of the actin response
is caused by the removal of PIP3 from the plasma membrane.
In distinguishing front and tail responses, translocation of
the LimED label for ﬁlamentous actin has been compared to
the recruitment of myosin-II to the cell cortex (Fig. 2). These
two responses turn out to be clearly separated from each other,
the myosin-II recruitment commencing when the actin re-
sponse has already shut down. This result indicates that the
front response is subject to fast adaptation, independent of
the cAMP-induced progression of other responses, here exem-
pliﬁed by the recruitment of myosin-II.
3.3. The rise and fall in ﬁlamentous actin is linked to the
recruitment of proteins that activate or inhibit actin
polymerization
The immediate conversion of net polymerization of actin
into net depolymerization within the ﬁrst 10 s following stimu-
lation suggests a temporal overlap of opposing controls. The
peak of the response then marks the point at which these
two controls are in equilibrium. In order to identify proteins
involved in switching the assembly of actin on and oﬀ, we have
recorded the recruitment of myosin-IB and of the Arp2/3 com-plex as putative stimulators of actin polymerization, and of
Aip1 and coronin as candidate terminators of the response.
Both GFP-tagged MyoB and Arp3 are rapidly recruited to
the cell cortex, similar to the mRFP-LimED reference
(Fig. 3A and B). Their peaks are slightly but signiﬁcantly
delayed by 2–3 s as compared to the LimED label (Table 1).
Subsequently, both proteins disassemble from their cortical
location, with the Arp2/3 complex appearing to dissociate
more slowly than the motor protein. Coronin and Aip1, the
two proteins putatively involved in either the termination of
actin polymerization or in the enhancement of depolymeriza-
tion, show sharp cAMP-induced increases and decreases in
their cortical localization, with peaks that are again delayed
by 2–3 s relative to the actin peak (Fig. 3C,D and Table 1).
3.4. Spatio-temporal pattern of cAMP-induced actin and coronin
recruitment to the cell cortex
The data shown indicate an overlap in time for the cortical
recruitment of proteins involved in the promotion or inhibition
of actin polymerization. For instance, coronin starts to be re-
cruited before the peak of cortical actin is reached (Fig. 3C).
This overlap suggests that both actin polymerization and
depolymerization are enhanced by cAMP, and that these
antagonistic processes take place at the same time in diﬀerent
regions of a stimulated cell.
Evidence for the co-existence of cAMP-stimulated actin
polymerizing and depolymerizing activities in a single cell is
provided by imaging the spatial patterns of mRFP-LimED
and GFP-coronin. In confocal sections through a double-la-
beled cell, both the actin and coronin labels are seen to increase
in the cell cortex upon stimulation (Fig. 4). However, there are
characteristic diﬀerences in the two spatial patterns. The red
actin label accumulates most strongly close to the membrane
in protrusions of the cell surface, while the green coronin label
increases ﬁrst in regions of the cell cortex adjoining the cyto-
plasmic space within the interior of the cell (Fig. 4; 0 s frame).
Subsequently, the actin label in the cortex declines while the
coronin label spreads into the entire cortex including exten-
sions of the cell surface (Fig. 4; 7 s frame). In conclusion, the
spatio-temporal pattern indicates that coronin is already
recruited to the cell cortex while the polymerization of actin
at the cell perimeter is still proceeding.
Fig. 4. Spatio-temporal pattern of cAMP-induced translocation of the actin marker LimED (red) and of coronin (green) in a cell stimulated with
1 · 107 M cAMP. (A) Images obtained separately in the mRFP-LimED and coronin-GFP channels, showing the cell at the maximum of cortical
LimED accumulation. (B) Two-dimensional color ramp, ILimED and Icoronin indicating the color coding of ﬂuorescence intensities used for merging the
two channels. (C) Merged images of the same cell as in A before and after stimulation with cAMP. Time is indicated in seconds relative to the
maximum of cortical LimED accumulation. At this phase of a maximal actin response (0 s panel) a prominent actin-enriched site (closed arrowhead)
and a zone of strong coronin accumulation (open arrowhead) is indicated. Bar, 10 lm.
A B C D
Fig. 3. Time course of the cortical recruitment of four proteins typical of the front of a chemotaxing cell. Cells double labeled with mRFP-LimED
(upper panels) and GFP-tagged proteins (lower panels) were stimulated with cAMP as in Figs. 1 and 2. In each cell, the peak of mRFP-LimED
accumulation in the cortex was set to zero. GFP-tagged proteins were myosin-IB in A; Arp3 in B; coronin in C; Aip1 in D. Numbers of cells averaged
are n = 22 for myosin-IB, n = 10 for Arp3, n = 28 for coronin and n = 16 for Aip1.
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Actin polymerization and depolymerization at the leading
edge are highly dynamic processes, regulated in Dictyostelium
chemotaxis by signals transmitted from cell-surface receptors
through heterotrimeric G-proteins to the actin system [1,2].
As long as a cell is correctly oriented in a gradient of chemo-attractant, front and tail activities are at steady-state. When
the direction of the gradient changes, reorientation of the cell
starts within less than 10 s and may lead to a new deﬁnition of
front and tail positions [27].
Using a relaxation method, we ﬁnd that actin commences to
increase in the cell cortex within 2–3 s after the ﬁrst detectable
rise of the stimulant, indicating that this short interval is suﬃ-
Fig. 5. cAMP-induced cellular responses in D. discoideum, assigned to
phases of actin and myosin-II recruitment to the cell cortex. Time
courses of the actin (red) and myosin-II (green) responses are shaded.
Other responses are co-aligned to the time point of cAMP stimulation,
and are represented as smoothed curves. Red: increase in actin
pelletable from cell lysates by low-speed centrifugation (Fig. 4 in [39]).
Dark green: the cringing response, measured as a drop in cell speed
[42]. Light green: Decrease in optical density of suspended cells,
indicating a change in light scattering (Fig. 2A in [43]). The cringing
response has been studied in another D. discoideum strain than that
used by us, and it varied with developmental stage. Data from the 6–
10 h stage are chosen (Fig. 16 in [42]), close to the 6 h stage we have
used.
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modulate cell motility. This fast transmission to the actin sys-
tem correlates well with the receptor-mediated dissociation of
the b, c subunits from G-proteins, which occurs within 3 s after
stimulation, as measured by ﬂuorescence resonance energy
transfer (FRET) in cell suspensions [28].
Our data indicate that delicately balanced positive and neg-
ative controls allow rapid switching from assembly to disas-
sembly of actin in response to changing signal inputs. The
peak of the actin response occurs within 4 s after the onset
of stimulation, and is followed by a sharp decline. This means
that within a few seconds net assembly of actin is turned into
net disassembly, even when the cAMP concentration around
the cell is still rising. The rapid switching oﬀ of the actin
response is paralleled by the recruitment of coronin and Aip1
to the cell cortex, with their peaks lagging the actin peak by
only 2–3 s (Table 1, Fig. 3C and D). These two proteins puta-
tively convert the response from polymerization to depolymer-
ization [12,14].
The Arp2/3 complex is recruited to the front of a chemotax-
ing cell, where actin ﬁlaments are assembled into a dense net-
work most likely by the nucleating and branching activity of
this complex [29]. However, the delay of the Arp2/3 peak rel-
ative to the actin peak (Fig. 3B and Table 1) indicates that
the overall rate of actin polymerization in the cell cortex is
not a monotonic function of the actual Arp2/3 concentration.
Net polymerization might already be turned down by an in-
creased rate of depolymerization before Arp2/3 accumulation
reaches its maximum. On the other hand, the Arp2/3 complex
is presumably not the only polymerization promoting factor
that is controlled by cAMP signals. One or several of the eight
formins present in Dictyostelium may also contribute to the ra-
pid polymerization of actin within the ﬁrst seconds of cAMP
stimulation [30].
Chemotactic stimulation is followed by recruitment of a
marker of PIP3 to the front of a cell [31]. We ﬁnd a peak in
the cortical accumulation of this marker, the PH-domain of
CRAC, at 8.2 s of stimulation (Fig. 1C and Table 1). This peak
correlates with the ﬁrst of two peaks observed in [32], which
occurs at 6–8 s. If PIP3 plays a role in the signal transduction
pathway upstream of the actin system, one would expect its
rise to precede the onset of actin polymerization. However,
within the temporal resolution achieved in our experiments,
recruitment of the PH-domain is not separated from the
assembly of actin. This result is in accord with the observation
that the actin peak is still formed in the presence of LY294002,
an inhibitor of PI3-kinase [33].
The CRAC-PH domain binds to both PI(3,4,5)P3 and
PI(3,4)P2. However, in response to cAMP only PI(3,4,5)P3 ap-
pears to be formed, which is degraded by the 3-phosphatase
PTEN to PI(4,5)P2 [34]. The CRAC-PH domain has been re-
ported to rapidly dissociate from the membrane [22]. Assum-
ing that the dissociation is fast enough to reliably reﬂect the
conversion of PIP3 to PI(4,5)P2 on the second scale, the PIP3
will start to fall about 4 s later than the actin starts to disas-
semble from the cell cortex. The precocious depolymerization
of actin points to an eﬃcient adaptation step at the level of
the actin response, a step not linked to the degradation of
PIP3 at the plasma membrane.
Well-separated from the responses that peak at 4–8 s of stim-
ulation is the assembly of myosin-II in the cell cortex (Fig. 2
and Table 1). This marker of the tail needs more than 20 sfor maximal accumulation. This delay may be caused by dom-
inance of the front response, such that the tail response is sup-
pressed until the front response declines. Alternatively, the tail
response may take longer than actin polymerization because
more steps are required for signal transmission. Intracellular
cGMP, which has been implicated in the regulation of myo-
sin-II activities [35,36], peaks sharply at 10 s of stimulation.
A delay may occur downstream of cGMP while ﬁlamentous
myosin in the cytoplasm is shuttled to the cell cortex [4] or
while myosin-II monomers with newly dephosphorylated hea-
vy chains assemble into bipolar ﬁlaments [37].
The delay of tail activity in the response to chemoattractant
is paralleled by the pivotal role of front activities in the motil-
ity of unstimulated cells. Correlation analysis of front and tail
behavior in freely moving cells disclosed a tendency of front
protrusion to precede retraction at the opposite edge of a cell
[38]. These data signify a coordination of front and tail activ-
ities in unbiased cell movement and suggest a pioneering role
for the front in this process.
Our data indicate that cells stimulated uniformly by an up-
shift of cAMP turn ﬁrst into an ‘‘all front’’ and subsequently
into an ‘‘all tail’’ state. The separate peaks of front and tail
responses can be aligned with previously reported responses
of Dictyostelium cells to a temporal stimulation with chemoat-
tractant (Fig. 5). The peak of cortical actin that we recorded
at 3.8 s in live cells corresponds to the sharp peak of pelletable
actin observed in cell lysates within 10 s after stimulation,
which is primarily caused by enhanced actin polymerization
[39,40]. Our data localize the increase in polymerized actin to
the cell cortex and resolve the response on the single cell level.
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nied by translocation of the Arp2/3 complex, the major nucle-
ator of dendritic actin polymerization [41]. Consistent with this
translocation is an increase in co-precipitation of the Arp2/3
complex with actin in lysates of cAMP-stimulated cells [17].
The peak of cortical myosin-II accumulation between 20 and
30 s coincides with a peak of pelletable myosin-II observed in
cell lysates at 20–25 s after stimulation [35]. This increase indi-
cates a conversion toward the ﬁlamentous form of myosin-II, a
shift caused by transient dephosphorylation of the heavy
chains [37]. Concomitant with the cortical accumulation of
myosin-II, cells are cringing [42], probably representing a myo-
sin-II mediated contraction of the cells. In suspended cells,
cringing is reﬂected in a change of light scattering, which shar-
ply drops at about 30 s after stimulation [43].
Our results show that adaptation to diﬀerent responses elic-
ited by an upshift of cAMP occurs within distinct time regimes,
implying that adaptation mechanisms involve downstream ele-
ments located in separate branches of signal transduction
pathways. The front response adapts most rapidly, in accord
with the fast reorientation of cells in attractant gradients of
changing directions. The tail response adapts more slowly,
but still faster than the activation of adenylate cyclase, a re-
sponse that is responsible for signal relay rather than for the
chemotactic response [44,45].
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